It is widely accepted that wetlands have a significant influence on the hydrological cycle. Wetlands have therefore become important elements in water management policy at national, regional and international level. There are many examples where wetlands reduce floods, recharge groundwater or augment low flows. Less recognised are the many examples where wetlands increase floods, act as a barrier to recharge, or reduce low flows. This paper presents a database of 439 published statements on the water quantity functions of wetlands from 169 studies worldwide. This establishes a benchmark of the aggregated knowledge of wetland influences upon downstream river flows and groundwater aquifers. Emphasis is placed on hydrological functions relating to gross water balance, groundwater recharge, base flow and low flows, flood response and river flow variability. The functional statements are structured according to wetland hydrological type and the manner in which functional conclusions have been drawn. A synthesis of functional statements establishes the balance of scientific evidence for particular hydrological measures. The evidence reveals strong concurrence for some hydrological measures for certain wetland types. For other hydrological measures, there is diversity of functions for apparently similar wetlands. The balance of scientific evidence that emerges gives only limited support to the generalised model of flood control, recharge promotion and flow maintenance by wetlands portrayed throughout the 1990s as one component of the basis for wetland policy formulation. That support is confined largely to floodplain wetlands, while many other wetland types perform alternate functions partly or fully. This paper provides the first step towards a more scientifically defensible functional assessment system.
Introduction
Open any book on wetland conservation and it will encourage the maintenance of wetlands partly because of their role in the water cycle. Wetlands are said to perform hydrological functions; to act like a sponge, soakingup water during wet periods and releasing it during dry periods (eg. Bucher et al., 1993) . As Maltby (1991) reports the case for wetland conservation is made in terms of ecosystem functioning, which result in a wide range of values including groundwater recharge and discharge, flood flow alteration, sediment stabilization, water quality ... Since wetlands cover around 6% of the land surface of the earth (OECD, 1996) and many exist in the upstream parts of river catchments, the total downstream area over which a hydrological influence may be exerted is substantial. Yet the hydrological processes and behaviour of wetland ecosystems has certainly lacked the scientific integration received by other land surface systems, such as forests. Kusler and Riexinger (1985) reported that the science base and efforts to assimilate existing studies are still inadequate with regard to some functions, particularly hydrology.
The basic references on the hydrological functions of wetlands are summaries of studies collated in the USA in the 1980s (Adamus and Stockwell, 1983; Bardecki, 1984; Carter, 1986) . These summaries have been used by organisations, such as IUCN-The World Conservation Union (Dugan, 1990) , Wetlands International (Davis and Claridge, 1993) and the Ramsar Convention on Wetlands of International Importance (Davis, 1993) . They have influenced international wetland policy (OECD, 1996) and its uptake at the national (eg. Zimbabwe and Uganda), and continental levels e.g. Europe (CEC, 1995) and Asia (Howe et al., 1992) .
Recent emphasis at the Second World Water Forum in The Hague 2000 and the World Summit on Sustainable Development 2002 in Johannesburg was placed on the need to ensure the integrity of ecosystems as part of integrated water resources management. Also receiving high prominence was the use of water to meet basic human needs and economic development. Thus, it is essential to reexamine, periodically, the conclusions of scientific studies on wetland functions. This ensures that policy at all levels is underpinned by a consensus of sound scientific opinion.
The scientific literature contains a range of studies that describe the water quantity functions of individual or groups of wetlands. They represent a substantial accumulation of hydrological knowledge. The majority of these papers supports the notion that wetlands have a significant influence on the hydrological cycle. However, many recognise that it is difficult to make definitive statements regarding the role of various types of wetlands in runoff production or storm water detention (Carter, 1986) . Furthermore, some studies have produced evidence that contradicts previous widely accepted knowledge. For example, the classic hydrological studies of Hewlett and Hibbert (1967) identified headwater wetlands along river margins as flood generating areas. Burt (1995) concluded that most wetlands make very poor aquifers; ... accordingly, they yield little base flow, but in contrast, generate large quantities of flood runoff. Far from regulating river flow, wetlands usually provide a very flashy runoff regime. This paper has three objectives: first, to present an ordered database of published papers on hydrological functions of wetlands; second, to provide a collation of scientific evidence among hydrological measures and wetland type; third, to stimulate debate and further research. The focus of this paper is limited to water quantity functions, including impacts on water resource availability, groundwater replenishment and flood control. It does not consider other aspects of wetlands, such as water quality or biodiversity, which are part of a wider case for wetland conservation.
Creating a literature-based review of water quantity functions
With the objective of creating a comprehensive and consistent database of past studies, a literature review of water quantity functions was undertaken by keyword searches on the major databases of abstracts, and by tracking citations to earlier and related studies. Consequently, the database is drawn from 169 publications that report the results of scientific study that quantify hydrological functions of wetlands. Papers that report other authors findings or give only qualitative descriptions of wetland process are not included.
Certain guidelines were followed, namely that:
l the review is restricted to freshwater wetlands, excluding lakes; l conclusions of wetland function must be supported by hydrological data and not based on the original authors opinion alone; l double-accounting is avoided, whereby repetition of conclusions for an individual wetland in successive publications is not duplicated; l unsubstantiated generic statements, such as wetlands reduce flooding, are not included.
Consistency is ensured by extracting common elements from the diverse sources. Important information is maintained in the detail of the particular hydrological function, wetland type and the manner of conclusion. The approach adopted was to complete the following general statement (where bracketed and underlined phrases relate to elements in Annex 1) for each study: (Author(s)) undertook a study in a given location (country, or US State/Canadian Province or Territories) of a particular hydrological type of wetland (wetland type), also referred to by a more general or locally-specific wetland term (local term). Based on results from a particular type of study (categorisation of wetland study) and drawing inferences in a particular manner (basis of inference), the authors conclude (page number) that the wetland performs a particular function with respect to a specific hydrological measure (hydrological measure), as can be summarised by a functional statement (summary functional statement) and a summary function (summary of wetland water quantity function).
There are, therefore, ten elements extracted from each publication, each entered into the database. Explanation of each of these elements is expanded upon below. Because the format of the review is tabular, abbreviated codes are adopted for some elements for purposes of brevity.
between headwater and floodplain; the distinction is that headwater wetlands are not fed by significant stream sources. Further subdivision applies only to headwater types. The connectivity with the groundwater system distinguishes groundwater types that are in hydraulic connectivity with the groundwater system for all, or part of, the time, from surface water types, which are not. Connectivity with the downstream channel network distinguishes slope types, which are characterised by an outlet to the downstream river system, from depression types, which are not. This categorisation deviates from that of Novitski and Adamus and Stockwell by including a floodplain type and in the surfaceslopetype which, in that scheme, categorises lakeshore wetlands. Therefore, the two schemes are similar but are not directly comparable. An unspecified category is added, and applied where the hydrological context of the wetland cannot be discerned.
Local term: Many local terms are applied to wetlands, including such general anglicised terms as marsh, swamp, bog etc, and regionally specific terms such as dambo, pakihi, pocosin. There is no known means of providing a direct association between local terms and hydrological type in a fully inclusive manner.
Categorisation of wetland study:
Wetland studies have adopted a number of experimental frameworks, ranging from intensive long-term monitoring of the water balance of wetland and non-wetland at the most complex extreme, to analyses based on single flood event hydrographs. publications as the basis for inferring wetland function. Each basis has some limitations, and these are summarised. Again, abbreviated codes are set out.
Page number: Page number in the original publication on which the conclusion is drawn.
Hydrological measure: There are many different measures in hydrology to describe and define aspects of the flow regime. While non-hydrologists might refer generically to floods, the hydrologist would be concerned with measures such as the magnitude of the peak flow during the flood event, the volume of runoff contained in the event, and the time-to-peak. Published studies in wetland hydrology are not consistent in their attention to different measures; it is possible to find one study analysing the return period of flood peaks extracted from a 20 or 30 year flow record, and another analysing the flood volume of a single event, with both drawing conclusions on wetland influences on floods. Table 4 presents and defines different hydrological measures within five broad groupings of hydrological response, namely; gross water balance, groundwater recharge, base flow and low flows, flood response and river flow variability, including some seasonal variations.
Summary of wetland water quantity function:
Conclusions regarding water quantity functions extracted directly, or in paraphrased form, from the original text are presented.
Summary functional statement for hydrological measure: Functional statements of the form wetlands increase low flows are expressed as the sign of the wetland influence upon the hydrological measure; thus + indicates an increasing influence upon the hydrological measure, -indicates a reducing influence and . represents a neutral influence (i.e. no significant influence exists or can be detected). In the case of groundwater recharge and groundwater discharge sites, there is interest in the conservation-based literature whether either of these functions is, or is not, present in a wetland. Therefore, = indicates that this function is present and x indicates that it is not.
Global data base of wetland water quantity functions
The first objective of this paper is to redress the deficiency in availability of hydrological information on wetland functions by providing an accessible and consistent database of past studies. Annex 1 presents the product of the application of the global review. The database is composed of 169 different published studies with 440 functional statements, representing the fullest sample of studies that could be traced, conforming to the principles adopted. It would not be claimed that the sample is exhaustive, but it is considered to be comprehensive. Analysis of the balance of scientific evidence draws on comparison of the number of papers that conclude a particular function. This is seen to be an important step and a precursor to more detailed exploration of the evidence for particular measures for specific wetland types. The results cannot yet be considered to reflect a balance of scientific opinion, because there has been no inter-comparison amongst the different studies.
BALANCE OF SCIENTIFIC EVIDENCE FOR PARTICULAR HYDROLOGICAL MEASURES
There are some cautionary perspectives and some limitations on the comparison that must be stated.
(1) The number of papers reporting a particular influence on the water cycle does not necessarily indicate the total picture. Some hydrological functions have been studied more than others. (2) The number of functional statements cannot be interpreted as the number of wetlands performing a function; for example, a functional statement based on multiple catchments commonly involves a large number of individual wetlands. (3) There is no certainty that the 169 publications represent all past studies of wetlands Although not exhaustive, the sampling method has been applied independently of any initial bias associated with policy interests. However, it cannot be discounted that there is potential bias in the wetlands that were selected for study by the original authors. (4) The distribution of wetland types within the sample of reviewed studies does not represent the distribution of wetland types worldwide; this is particularly true given The association between hydrological types and local terms is presented in Table 6 . It is immediately evident that there is no strong linkage between hydrological categorisation as applied in this paper and the use of local or ecological wetland terms; the terms peat, bog, marsh (and several others) recur in different hydrological types. Thus, grouping by hydrological type is seen as more meaningful than grouping by local terms. For example, the term bog can be found in all five hydrological types. From a hydrological perspective, the content of the database may be perceived as limited due to its emphasis on functions rather than hydrological processes given that the concept of functions is not well-established within the hydrological community. However, while more process information can be extracted from the set of publications, the target of this paper is the use of functional generalisations to represent wetland hydrology to the wetland management and policy arena. Clearly, there is a strong case for bringing hydrological processes and function closer together.
Geographically, the dataset is dominated by 92 studies hydrologically similar types, greater consistency of conclusion emerges six of seven conclusions from studies of floodplains conclude that flow variability is reduced by wetlands (including the Sudd and Okavango in Africa and Barito in Indonesia). But ambiguity still exists: amongst 19 studies of headwater wetlands (all from USA and Europe), 10 studies conclude that flow variability is increased; 5 that the wetland influence is neutral; and 4 that variability is reduced. Even apparently similar wetlands perform functions that are seemingly in opposition (e.g. peat bogs occur in each of the three categories; increasing, decreasing and not-affecting flow variability). But unanimity of function is not anticipated there is no prior assumption that all wetlands of a particular type perform the same function. This study has not yet investigated the detailed climatology, catchment conditions and internal wetland structure, any of which can mean a particular wetland will perform differently from other wetlands that are otherwise similar.
Whether hydrological functions of wetlands are considered to be beneficial or not depends upon ones point of view. For example, ecologists may see evaporation from wetlands as an essential process supporting plant growth, whilst water resource managers may see it as a loss of a vital downstream resource. Those living in flood-prone areas downstream of wetlands that generate floods may view them negatively while those living downstream of wetlands that reduce floods may not view them in the same light. Ecologists see floods as essential elements of the river flow regime maintaining channel structure through sediment transport, and interactions between the river and its floodplain that drives nutrient exchange and breeding cycles (Junk et al., 1989 , Poff et al., 1997 .
The main conclusions of the analysis are as follows.
1. Wetlands are significant in altering the water cycle. The 169 scientific studies published during the period 1930 2002 (as traced by this paper) provide 439 statements on the hydrological significance of wetlands. Of the 439 statements, only 83 (19%) conclude the wetland influence on the water cycle to be neutral or insignificant. The vast majority conclude that wetlands either increase or decrease a particular component of the water cycle. It is this evidence that has led to the notion that wetlands perform hydrological functions. Since wetlands cover approximately 6% of the worlds land area, with many linked directly to rivers and aquifers, this is an issue of importance to water management. 2. There are some significant generalisations that emerge from the published hydrological evidence. These are different from the long-standing generalisation that wetlands always reduce floods, promote groundwater recharge and regulate river flows. Most, but not all, studies (23 of 28) show that floodplain wetlands reduce or delay floods, with examples from all regions of the world. This same influence on floods is also seen, but less conclusively (30 of 66) for wetlands in the headwaters of river systems (e.g. bogs and river margins). A substantial number (27 of 66) of headwater wetlands increases flood peaks. These studies were mostly from Europe, but included work from West Africa and Southern Africa. Around half of the statements (11 of 20) for flood event volumes and 8 of 13 for wet period flows) show that headwater wetlands increase the immediate response of rivers to rainfall, generating higher volumes of flood flow, even if the flood peak is not increased. The coverage of these studies is world-wide including Africa and South America. This function occurs because headwater wetlands tend to be saturated and convey rainfall rapidly to the river; thus they are a principal mechanism for generation of flood flows. 3. There is strong evidence that wetlands evaporate more water that other land types, such as forests, savannah grassland or arable land. Two thirds of studies (48 of 74) conclude that wetlands increase average annual evaporation or reduce average annual river flow. About 10% of studies (7) conclude the opposite; for example some woodlands in Zambia had greater evaporation than the adjacent wetlands. The remaining 25% are neutral.
There is no obvious distinction amongst different wetland sub-types or geographical regions of the world. 4. Two-thirds of studies (47 of 71) conclude that wetlands reduce the flow of water in downstream rivers during dry periods. Evidence is mainly from North America and Europe, but includes floodplains in Sierra Leone and wetlands in Southern Africa. This is backed by overwhelming evidence (22 of 23 studies) that shows evaporation from wetlands to be higher than from nonwetland portions of the catchment during dry periods. There is no discernible difference for different wetland sub-types. In 20% of cases, wetlands increase river flows during the dry season. 5. Many wetlands exist because they overlie impermeable soils or rocks and there is little interaction with groundwater. The database contains 69 statements referring to groundwater recharge; 32 conclude merely that recharge takes place, and 18 conclude there is no recharge. There are similar numbers of studies that report wetlands either to recharge more (6) or less than (9) other land types. Some wetlands, such as floodplains in India and West Africa on sandy soils, recharge groundwater when flooded. Many wetlands have formed at springs and are fed by groundwater. The direction of water movement between the wetland and the ground may change in the same wetland, such as in some peatlands in Madagascar, according to hydrological conditions. 6. Conclusions have been drawn above on flow variability.
The over-riding picture appears to be a reduction in flood peaks by floodplains. In some cases, such as many headwater wetlands, increasing flood flows combines with decreasing dry season flows to widen the overall range of flows.
Implications of the results for wetland research and policy formulation
This paper confirms that wetlands exert a strong influence on the hydrological cycle. It strengthens the view that management of wetlands must be an important part of integrated water resources and flood management of all river basins. Where wetlands reduce floods, recharge groundwater and increase dry season flows, wetland hydrology is working in sympathy with water resources managers and flood defence engineers. Where wetlands have high evaporation demands or generate flood-runoff, they may create or exacerbate water management problems. Whatever the hydrological functions they perform, decisions on wetland conservation will inevitably be taken in a wider context and will also depend on water scarcity and on other functions, such as human health, fisheries, navigation, recreation, cultural heritage and biodiversity. Successful water management requires knowledge of the extent to which wetlands are performing different hydrological functions. Since it is not feasible to study every wetland in detail, rapid assessment methods are required to identify likely functions. Furthermore, a major objective of this work is to stimulate discussion on hydrological functions. It is relatively easy to add to the database, either within additional previously published work or through new research. It is harder to account for variations in functions. For it is clear that there is no simple relationship between wetland types and the hydrological functions they perform. Part of the problem steps from the lack of a simple classification of wetlands that consistently relates hydrology, vegetation, substrate type and geomorphology. It is unlikely that any sophisticated classification scheme would be able to explain the variation of function in evidence.
Various methods have been developed in a number of countries around the world to assess hydrological functions of wetlands. Some are merely classification systems that group wetlands according to botanical, geomorphological and/or water regime characteristics (e.g. Cowardine et al., 1979; Brinson, 1993; Gilvear and McInnes, 1994; Wheeler, 1984) . Other methods give each wetland a grade for a function, such as high medium or low (e.g. Adamus et al., 1987) or produce a quantitative estimate of performance of a given function (e.g. Amman and Stone, 1991; Hruby et al., 1995) . Maltby et al. (1996) have developed a framework of functional analysis through characterisation of distinct ecosystem/landscape units (termed hydrogeomorphic units). The objective is to provide a simple and rapid procedure, but the system still needs to be operationalised. In addition, guides have been produced for extending the functional assessment to produce an economic value for the functions (Lipton et al., 1995 , Barbier et al., 1995 . Recent work in the UK (Wheeler and Shaw, 2000) used data from over 80 wetlands in Eastern England to develop a classification and assessment system called WETMECS that combines landscape situation, water supply mechanism, hydrotopographical elements, acidity (base-richness) and fertility. The outcome of this study is that apparently similar wetlands are driven by very different hydrological processes; almost invariably, some data need to be collected at a site to identify its functional role.
Consequently, generalised and simplified statements of wetland function are discouraged because they demonstrably have little practical value. As a minimum, this paper encourages the future representation of diversity and complexity amongst wetlands and the portrayal of diverse hydrological functions.
Hydrologists must be more imaginative and proactive in contributing scientific knowledge to underpin policy formulation and management decisions. For the hydrological community, a new challenge is set for wetland policy. 
